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Abstract

This article focuses on designing a renewable energy control system for a household self-consumption
network, combining solar and hydroelectric energy to meet the energy demand of a standard home. We
conduct an exhaustive analysis of each energy source, evaluating parameters such as solar radiation,
optimal tilt of photovoltaic panels, and conversion system efficiency. Equipment for this system is selected
based on the characteristics obtained in the study. Hydroelectric energy is also analyzed, considering
variables such as flow rate and height of the water resource, selecting optimal equipment to maximize
hydroelectric production and complement solar energy. An integrated control system is designed and
implemented, efficiently managing the production and consumption of renewable energy, helping to
optimize the use of energy produced, manage demand, and coordinate renewable systems. A cost-effective
design is sought with a functional control system to ensure optimal management of energy resources.

Keywords: Renewable energies, solar energy, hydroelectric energy, control system, energy management,
performance improvement

INTRODUCTION

Off-grid households face a fundamental challenge in obtaining a reliable energy supply to meet their
daily needs. This problem is especially relevant in remote, rural areas, homes not connected to the grid,
where electrical infrastructure may be limited or nonexistent. Historically, these communities have
relied on traditional energy sources, such as diesel generators, with their associated costs and negative
environmental impact [1-6].

However, a promising solution is emerging with the growth and advancement of renewable energy
technologies. The potential to harness natural resources, such as sunlight and hydroelectric energy,
offers a sustainable and economically viable alternative to supply these homes. Solar and hydroelectric
energy are renewable and clean electricity generation options [7-13].

Within this frame, this work focuses on designing and developing a renewable energy control system
for domestic networks under self-consumption. We
propose a combination of solar and hydroelectric
energy to supply the energy demand of a standard
home, providing an innovative and efficient
solution for those communities that lack access to
the conventional electrical grid.
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resource and the most appropriate equipment
selection. Developing an integrated control system
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allows optimal energy generation and consumption management, ensuring a stable and reliable supply
for the proposed type of home.

FUNDAMENTALS

Solar photovoltaic power derives from solar radiation conversion into electricity through the well-
known photoelectric effect [14]. The process occurs in semiconductors, which absorb solar radiation
photons generating free electrons, which are removed from the semiconductor material to produce
electric current [15]. The photovoltaic power generation depends on the solar radiation level and
photovoltaic cell’s efficiency [16]; mathematically [17]:

Ppy = npyGSpy 1)

P, n, and S are the power, efficiency, and photovoltaic panel front area and G is the solar radiation
onto the photovoltaic panel surface. Subscript PV accounts for photovoltaic.

Since solar radiation evolves with daily time, modifying the photovoltaic system output power, the
practical way to determine the daily energy generated by the photovoltaic system is

$pv = Npy GmaxSpy (PSH) 2

Gmax corresponds to the daily solar radiation peak value, happening at solar noontime. PSH is the so-
called “Peak Sun Hours”, a measurement unit for quantifying the amount of sunlight per unit area
accumulated in a specific location over a day [18]. We can reformulate Equation (2) as:

$py = opySpy (PSH) (3)

opv is the photovoltaic panel energy density, in W/m?2, which accounts for the photovoltaic panel
efficiency. Today, the most common value is around 200 W/m? [19].

Because of their limited output power due to the efficiency and size values, photovoltaic panels group
in series and parallel tandem stack to increase voltage and current, thus power.

The outgoing energy from the photovoltaic panel suffers a reduction at the voltage converter since we
have to boost the photovoltaic panel output voltage to match the local network operating one; therefore:

$pv = NconvOpySpy (PSH) 4)
1conv IS the voltage converter efficiency.

The global photovoltaic power depends on the number of panels, Np, in the photovoltaic set, as
expressed in the following equation:

¢py = Np’?coanPVSPV(PSH) (5)

Because solar radiation is intermittent and stochastic due to the day/night cycle and weather
conditions [20, 21], we should include an external power source or a storage system to supply energy
when solar radiation fails or is insufficient [22-24]. Hydroelectric generation is one of the most
promising and environmentally friendly options among the many available solutions [25, 26]. The great
advantage of hydroelectric generation is the reversible operational mode since it may operate as an
energy generation device or storage system [27, 28].

Hydropower generation depends on fluid flow and hydraulic height as in [29]:
Pfiydro =nyVhe (6)

nt is the hydro turbine efficiency, y is the fluid specific weight, V is the fluid volumetric flow, and hy
is the hydraulic height, which depends on the geometric height, H, and the mechanical losses, hy:
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h; =H—h, (7

Mechanical losses depend on fluid speed, v, duct characteristics, and geometrical shape and size [29]:
2

=f Ei (8)

Or applying the continuity equation for incompressible fluids [29]:

L 8V?2
hsz_S 2
Dpmeg

9)
where f is the friction factor or Darcy factor, and L and Dy are the duct length and hydraulic diameter.

The hydraulic diameter matches the geometric one for rounded ducts; if not, we should apply the
expression [29]:
1

D = (Her): (10)

i

Sauet represents the duct cross-section for irregular geometric shapes.

Assuming the duct is geometrically regular with a circular cross-section and combining Equations
(6) to (9):

L 8v?2
Phydro - ntVV <H f D5 g> (11)

Therefore, the generated energy by the hydropower system is:

y L 81;2
Eftlydro =YV <H - fﬁ%) tgp (12)
t5p is the turbine daily operating time.

Reversing the operating mode of the hydraulic device and making it work as pumping system, the
required power is similar to Equation (11) with the only difference of the pump efficiency, #:

L 8V
Pi?ydro UpYV <H f Dy m g) (13)

Superscripts t and p in Equations (11) and (13) account for turbine (power generation) and pump
(hydropower storage).

Analogously, the energy consumption associated to the pumping process is:
L 8V2
fgydro T’pyV <H f DS > t(z))p (14)
p - - - -
top is the pump daily operating time.

Since power generation and energy storage do not have to match, fluid flow is different when the
hydraulic system is rotating or pumping; therefore, the following equations apply:

° L 8V,
Pﬁydro =YVt <H —-f— DS 7.[2tg> (15)

L 8V
Pf?ydro rltVV <H fDS g>
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Hydropower storage consists of a natural or artificial water reservoir with a specific capacity; since
natural reservoirs are not always available in the location, we propose a cylindrical tank containing the
necessary water volume to generate the required power.

The water reservoir is filled and emptied at will, depending on power generation and energy storage
requirements. An electronic valve controls the tank filling and emptying. The electronic valve operates
based on a pressure sensor that opens or closes the valve depending on power demand or energy storage.
The following equation commands the valve opening [30].

3

4 2

<D§&— 4t3P> __4ap (16)
Y mp3pg ny(29)?

where AP is the power differential between consumption and photovoltaic generation, ps is the sensor
pressure at the tank bottom, and t is the valve opening time.

The sensor pressure derives from the classical expression:

Ds = Yhek (17)
where hy is the fluid height in the tank.

Replacing Equation (17) in Equation (16):

3

4 aytap \? 4AP

<D3htk— Y ) = E (18)
nD3hy Ty (29)2

Since the duct diameter and water specific weight remain constant, Equation (16) converts into:

2 ¢ 2 4 .
(4PYs + AP (Cp =) = Cihye = 0 C; = 2.33D5; € = 2925 (19)
htk D3
Equation (19) determines the valve opening time as a function of the power differential and fluid
height in the tank.

PROJECT DESIGN

The project development applies to an installation 73 km from Quito (Ecuador) in a well-sunny place
near ariver. The building roof tilt is 25° with an azimuth of 15°. The location's geographical coordinates
are provided by Google Earth application [31]. The distance from the installation to the river's closest
point is less than 50 m; the available river flow, excluding ecological flow, is 1.13 m%s [32]. The
installation is a public center operating during labor hours (8 am to 5 pm), corresponding to the highest
fraction of energy consumption. Out of the labor hours, the center uses the minimum required energy
to maintain the building operatives (emergency lights, standby equipment, control unit devices, alarm
system, etc.).

Energy Demand

According to a previous study [33], the average monthly energy consumption is 115 to 150 kwh for the
residential sector and 200 to 385 kWh for the commercial installations. Since a public building is closer to
commercial energy consumption standards to ensure a sufficient power supply, we consider the maximum
energy consumption rate of 385 kWh per month. Figure 1 shows the energy consumption distribution by
category [34]. Table 1 shows the daily energy consumption by category for the selected installation.

We assume the monthly average energy consumption remains constant throughout the year. Since
the installation only provides aggregate daily energy consumption, and because solar energy is variable
throughout the day, we disaggregate daily energy consumption into hourly values applying a data

© STM Journals 2024. All Rights Reserved 23



Journal of Alternate Energy Sources & Technologies
Volume 15, Issue 3
ISSN: 2230-7982 (Online), ISSN: 2321-5186 (Print)

3%

R
it

T

B Lightning

=T

B Food preservation

T

y

—

=

® Driving force
B Water heating
o Cooking

B Other

Figure 1. Energy consumption distribution [34].

Table 1. Daily and monthly average energy
consumption by category [34].

Category Daily energy Monthly energy
consumption consumption
(kwh) (kwh)
Lightning 7.08 211.75
Food preservation 1.54 46.20
Driving force 2.57 77.00
Water heating 0.64 19.25
Cooking 0.64 19.25
Other 0.39 11.55
Total 12.86 385.00
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Figure 2. Hourly distribution of average daily energy consumption.

disaggregation technique specifically developed for residential, commercial and industrial energy
consumption [35], obtaining (Figure 2).

SYSTEM CONFIGURATION
Photovoltaic System Selection

We selected the Qcells model Qpeak Duo of 380 Wp and 20% efficiency as the best option [36].
Figure 3 shows the photovoltaic panel technical characteristics. We have installed 10 photovoltaic
panels of the mentioned model on the building rooftop preserving azimuth and tilt to avoid standing
structure. The photovoltaic set is divided in two strings to avoid power supply interruption in case one
of the systems fails [37]. Besides, the proposed configuration maximizes the power generation and
system efficiency due to a better operation of the voltage inverter [38].
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Mechanical specification

Format 1840mm x 1030mm x 32mm (including frame)
1840mm
Weight 19.5kg 1038mm — | 376mm
Front cover 2.8mm thermally pre-stressed glass with N = % e . I
anti-reflection technology I 4xGrounding points #4.5 mm = v
Back cover Composite film Frame
Frame Black anodised aluminium PR
Cell 6x22 monocrystalline Q. ANTUM solar half cells o 1000mm
Junction box 53-101mm x 32-60mm x 15-18mm |
Protection class IP67, with bypass diodes Label D
Cable 4mm? Solar cable; (+) >1200mm, (-) >1200mm «h-—zmu'"'"
—T —— $xDrainage holes
Connector Staubli MC4, Hanwha Q CELLS HQC4; IP68 K 4 4:Mun|mg slots (Detail A) +
J —i - . 3
wf o= 32mm Detail A Im:

24 5mm T “E=2) 18-5mm

Electrical characteristics

Power class 365 370 375 380 385
Minimum performance at standard test conditions, STC' (Power tolerance +5W/-0W)
Power at MPP! Pyipp [W] 365 370 375 380 385
Short circuit current! Isc [A] 10.40 10.44 10.47 10.50 10.53
é Open circuit voltage ! Voc [V] 44.93 44.97 45.01 45.04 45.08
‘'€ Current at MPP Iyipp [A] 9.87 9.92 9.98 10.04 10.10
= Voltage at MPP Vwrp [V] 36.99 37.28 37.57 37.85 38.13
Efficiency ! n [%] >19.3 >19.5 >19.8 >20.1 >20.3
Minimum performance at normal operating conditions, NMOT?
Power at MPP Puipp [W] 273.3 277.1 280.8 284.6 288.3
§ Short circuit current Isc [A] 8.38 8.41 8.43 8.46 8.48
g Open circuit voltage Voc [V] 42.37 42.41 42.44 42.48 42.51
= Current at MPP Ivipp [A] 7.76 7.81 7.86 791 7.96
Voltage at MPP Ve [V] 35.23 35.48 35.72 35.96 36.20

'Measurement tolerances Pypp £3%; Isc; Voe £5% at STC: 1000W/n?, 25+2°C, AM 1.5 according to IEC 60904-3 « 2800W/m?, NMOT, spectrum AM 1.5

Figure 3. Technical characteristics of the photovoltaic (PV) panel [38].

Solar Radiation

Photovoltaic system is powered by solar radiation; we use the PVGYS application [39] to determine
the solar radiation level for specific location by simply introducing the geographical coordinates, the
azimuth and the surface tilt. Since the data volume is enormous, we average hourly distribution of solar
radiation to obtain the daily and monthly average solar radiation value over the year. Figure 4 shows
the average hourly solar radiation evolution for the typical year.

Photovoltaic Array Engineering Design

The photovoltaic array engineering design follows the classical configuration (Figure 5). We use an
800 W inverter with double maximum power point tracking (MPPT), one for every string, operating at
115 VAC output voltage. The selected voltage corresponds to the American market, which is the
operating one in Ecuador; nevertheless, the photovoltaic array configuration may operate at 220 VAC
for the European market by simply changing the inverter model.

600
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400 ' :
300
200

100 H
; ol i

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Day hour
Figure 4. Average hourly distribution of solar radiation for the typical year.

Solar radiation (W/m2)
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Figure 5. Layout of the photovoltaic (PV) array.

The DC junction box must have essential specific features, including the ability to couple the
generator strings to the main DC cable. It must have UV protection and an IP54 protection degree.
Additionally, the box should contain fuses, switches, and other electrical components. It is
recommended to purchase the box according to market availability.

Because we have each string connected to an MPPT input, it is unnecessary to install fuses; however,
in our case, we install fuses in all the positive and negative DC cables of the photovoltaic generator for
protection. A common rule is that it must withstand at least 50% more than the short circuit current of
the string. Based on this, we select a 15 A fuse.

Among the additional specifications for the inverter and the solar panel, we used a 4 mm? wiring
thickness for the photovoltaic input and the AC output. We decided to use the H1Z2Z2-K cable from
the Solflex brand, which is certified for use in photovoltaic systems and meets the necessary
characteristics to ensure the safety and optimal operation of the system. For more details on its
characteristics, we suggest checking the technical sheet [40].

We recommend a general switch between the box and the inverter; in some cases, technicians add a
switch per panel line cable in series. This switch must withstand 1.25 I in maximum insolation. This
switch cuts off the current flow before any system overload.

Hydropower System Engineering Design

The hydropower system consists of an elevated tank, a reversible electric generator acting as a motor
or generator depending on power requirements, a hsydraulic turbine, a centrifugal pump, connecting
ducts, electronic valves, and a control unit. Figure 6 shows the schematic view of the system.

The hydroelectric system takes water from the river upstream of the powerhouse (water intake); water
is canalized through an open canal to the water reservoir and continues canalized through a closed duct
(water pipeline) until the powerhouse. The electronic valve controls the fluid flow, letting the water
flow if hydropower generation is required; otherwise, it blocks the passage and stops the water flow.
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Figure 6. Hydropower system layout.

When photovoltaic generation exceeds the energy demand, the control station reverses the operating
mode of the generator. It makes it work as a motor, which activates the pump located in the powerhouse
and starts pumping water from the river to the water reservoir. The control station activates the
electronic valve, letting the water flow through. If photovoltaic generation is insufficient to cover energy
demand, the control station reverses the motor back to the generator mode, stops the pump, and activates
the turbine. At this time, the electronic valve is open, and water flows from the reservoir to the
powerhouse, rotating the turbine and the electric generator and producing electric energy, which
supplies power to the consumption facility. The control station regulates the electronic valve opening
according to the power differential between photovoltaic generation and energy demand (Equation 16).
In the water pumping mode, the control station opens the electronic valve completely.

OPERATING PROTOCOL

The energy system operates under a control protocol implemented in the hardware control system
located in the control station. The flowchart shown in Figure 7 describes the protocol operating mode.
The control unit collects information about the photovoltaic power generation and energy demand and
compares both values. If photovoltaic power generation is higher, the control unit turns the pump on and
checks the water volume in the tank. If the fluid height in the tank reaches the maximum, the pump turns
off, and the system commutes to the local network; otherwise, the pump turns on until the tank fills up.

On the other hand, if photovoltaic power generation equals energy demand, the control unit takes no
action; for negative balance, the hydropower system turns on and checks the fluid height in the tank. If
the tank is full, the control unit activates the turbine, turning it on; otherwise, the turbine switches off.

Figure 8 shows the schematic representation of the electric engineering design, with pump and turbine
turned on by using a relay, depending on operating conditions. We observe that photovoltaic array
connects to a shunt, which derives current to the consumption facility and pump depending on the energy
balance between power generation and energy demand. The control unit regulates the current derived to
the consumption facility to cover energy demand with the remaining current powering the pump unit.

The information received (electric current signal) from the pressure sensor allows the control unit to
activate or deactivate the pumping system depending on the signal value. If the current corresponds to
the maximum height, the relay opens, and the pump switches off because the power supply is
interrupted; otherwise, the relay remains closed, and the electric current flows powering the pump.
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Figure 7. Operational protocol flowchart.
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Figure 8. Schematic representation of the electric system engineering.
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A second relay operates in the hydraulic turbine circuit; if the control unit detects a negative energy
balance, photovoltaic power generation is lower than energy demand, the relay is closed, and the
electronic valve opens, letting water flow through the turbine and supplying power to the consumption
facility. The intercalated shunt in the electric turbine circuit controls the electric current supply to the
electronic valve, opening the valve as necessary so that the circulating water flow results in power
generation in the turbine that satisfies the condition imposed in Equation (19).

SIMULATION RESULTS

We simulate a system like the one proposed in this work to verify the validity of the engineering
design and the feasibility of this project. To this goal, we apply solar radiation data and hydropower
system characteristics to a prototype of a hybrid photovoltaic-hydro system with a hydraulic
energy reservoir. The first simulation step consists of determining the energy balance using the
following equation:

AE = Epy + Ehydro —&cons (20)

We calculate photovoltaic and hydroelectric energy generation, &y, and &waro, USing Equations (5)
and (12), respectively; the consumed energy at the consumption facility depends on the electric
appliances’ power and operating time. In general, we can express Eeons aS:

$cons = Z?:l Pit; (21)
where P and t are the appliance power and operating time; subscript i accounts for the appliance.

Applying Equation (5) to the selected location, we obtain (Figure 9).

We observe negative values corresponding to day hours where photovoltaic arrays supply less energy
than necessary to cover energy demand. In these cases, hydropower is critical to obtain a null energy
balance. Considering the highest negative value for July at 8 am, we determine the tank capacity to
generate enough hydroelectric power to compensate for the energy deficit.

The tank capacity depends on geometry and dimensions; in our case, we consider a cylindrical tank
of specific diameter, Dtk, and height, htk. The following equation applies:

_ AV 41}
ho = 752 = 2prtop (22)
Now, replacing the fluid flow, V7, from Equation (6), we have:
_ AV 4 Pittydro
tk — ”thk - ”thk nevhe op (23)
Because the hydropower should match the negative energy balance:
__4 EftlydTO _ 4 CGeons—$pv)
t 7 mDZ miyhe T mDE, mevhe (24)
If we express the hydraulic height, hy, in terms of fluid flow:
L 8V'2
he=H—fos0ay (25)
And we replace in Equation (24), we obtain:
_ 4 top (e L8V
hee = oz v <ntVVH neYf 5% 2 g> (26)
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Figure 9. Monthly average hourly energy balance.

Energy (KWh) Energy (KWh) Energy (KWh) Energy (KWh) Energy (KWh)

Energy (KWh)

February

0123456 91011121314151617

Day hour
April

0123456

910111213141516

Day hour

June

0123456 910111213141516

Day hour
August

0123456 910111213141516

Day hour
October

Day hour
December

0123456

8 910111213141516

Day hour

© STM Journals 2024. All Rights Reserved

30



Control System for Off-Grid Multiple Hybrid Renewables Carlos Armenta-Déu and B. Sandoval

Leading to a third-degree equation of complex solution, which requires a solver program; therefore,
we use the Hazen-Williams monogram [41] to obtain the hydraulic height, simplifying the solution.

Considering a tank diameter of 10 m, a turbine efficiency of 90% [42, 43], a hydraulic height of 0.65
m, and a negative energy balance of 1.62 MWh, we have:

4 1.62x10°
tk ™ 100m (0.9)(9800)(0.65)

=36m (27)

We obtain the energy deficit from the value in Figure 9 for July at 8 am, which is the highest deficit
in the year. Energy consumption is shown in Figure 2.

The tank height is currently oversized by 10% to avoid spillage; therefore, the effective height is 4
m. In summary, we have a tank of 10 m diameter and 4 m height, which does not represent a challenge
for engineering design and manufacturing.

The inverter selection derives from the photovoltaic array operating voltage and current. Since the
photovoltaic array consists of two strings of five panels each, we apply the following equations to obtain
the corresponding values.

Imax = Istc + a(Trfz%lalc - TSTC)

Vinax = p[VSTC +pB (T‘r?lelﬁ - TSTC)]

(28)

The intensity value remains unchanged because the control system uses two inverters in parallel, one
per string, and the panels in the string connect in series. Applying technical data from our system:

Inax = 10.5 + 0.04(45 — 25) = 11.3 4
Voax = 5[37.85 — 0.27(—10 — 25)] = 236.5V

(29)

Therefore, the maximum attainable power in every string is:

Prax = ImaxVimax = (11.3)(236.5) = 2672.5W (30)

Using the KACO tool [44] provided by the manufacturer, we can select the inverter compatible with
the solar array. Table 2 shows the photovoltaic array and compatible inverter characteristics.

Table 2. Inverter characteristics.

System Design result Total | MPPT 1 | MPPT 2
Modules/string 5 5
Number of strings 1 1
Number of modules 10
STC 5880
. PV power (Wp) 5345 | 26725 26725

Photovoltaic (PV) array -
Min. MPP voltage (V) 228.2 228.2
Max. Voc (V) 272.45 272.45
Imax (A) 113 11.3
Peak voltage (V) 1000 1000
Max. operating voltage (V) 272.45 272.45
Efficiency 0.950
Min. MPP voltage (V) 1125 1125

Inverter -
Max. operating voltage (V) 580 580
Max. input current (A) 12.0 12.0
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An alternative to the selected photovoltaic array and inverter system is using photovoltaic panels
equipped with micro-inverters. This configuration reduces significantly the power losses; indeed, the
calculation of power losses for every case produces the following results:

PfO™ = 2R = (11.3)?(0.051) = 6.5W
ppricro = (L)Z R = (22)" 0.051) = 026w "
L N 5 ' '

D

We notice the power losses using a conventional configuration are 25 times higher. Power losses
represent 0.3% and 0.008% of the global power generation for every case, conventional a micro-inverter
configuration. Panels with micro-inverters stand out for their greater efficiency since they operate
independently, mitigating partial shading problems or failures in an individual panel. However, its 2.5
times higher initial cost and system complexity can make installation and maintenance difficult [45].

On the other hand, conventional solar panels with an independent inverter have a lower initial cost
and easy installation due to the smaller number of components. However, they show efficiency
problems because the shading or failures in one panel affect the entire system. However, today, most
solar panels build bypass diodes that allow the electric current to bypass the shaded cells, avoiding
energy loss and overheating. Having mentioned the peculiarities of both panels, we decided that the losses
using conventional panels for our system are low; therefore, we selected the classical configuration.

CONCLUSIONS

In this work, we have designed and developed a renewable energy control system for a self-
consumption facility, combining solar and hydroelectric energy through a detailed analysis of the
available energy resources and selecting the most appropriate equipment. The integrated control system
developed in this work allows for optimal energy generation and consumption management,
maximizing production and efficient use of available renewable sources. The implementation of this
system ensures a stable and reliable energy supply for the proposed type of home.

In conclusion, this work has demonstrated the technical feasibility of combining solar and
hydroelectric energy for self-consumption, laying the foundations for future research and development
in more detail of our sizing.
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